Abstract Ash (Fraxinus spp.) is a dominant tree species in North America, in both managed and natural landscapes. However, due to the rapid invasion by the emerald ash borer (Agrilus planipennis), an exotic invasive insect pest, millions of North American ash trees have been killed.
Introduction
Real-time quantitative polymerase chain reaction (RTq-PCR) is a widely used technique for assessing gene expression, which allows fast and accurate quantification of even low expressed transcripts (Bustin 2002) . RTq-PCR quantifies the relative expression of mRNA in real time through the detection of fluorescence after every PCR cycle avoiding post PCR processing (Ginzinger 2002) . For the accurate quantification of mRNA transcripts using RTq-PCR, identification of stable reference genes is crucial to normalize the target mRNA levels (Phillips et al. 2009 ). Most commonly used reference genes are housekeeping genes or endogenous control genes, which are thought to be non-regulated. However, several studies revealed large variation of reference gene expression under different experimental conditions and thus to date no universal reference gene has been identified in plants or animals (Gutierrez et al. 2008) . A good reference gene is considered to be one whose expression is essential for cell function and is relatively constant in tissues, development stages and under different experimental conditions (Schmittgen and Zakrajsek 2000; Guenin et al. 2009; Qi et al. 2010) . The validity and accuracy of data obtained through RTq-PCR can be heavily influenced by the reference gene being used (Dheda et al. 2005) . Given the variation of reference gene expression among different experimental conditions, it is essential to validate a set of reference genes (~2-3) since non-validated reference genes could greatly affect the quantification of target transcript levels in RTq-PCR experiments (Bustin and Nolan 2004; Li et al. 2010) .
Ash (Fraxinus spp.) is a dominant tree species with widespread distribution throughout the world's temperate forests, including North America. The accidental introduction of emerald ash borer (Agrilus planipennis Fairmaire), an exotic invasive wood boring beetle into North America, has resulted in death of millions of ash trees including white (F. americana L.), green (F. pennsylvanica Marshall) and black ash (F. nigra Marshall) with significant economic and ecological impact (Kovacs et al. 2010) . However, in Asia, A. planipennis is not considered as a major insect pest perhaps due to their co-evolutionary history with Manchurian ash (F. mandshurica Rupr). In an ongoing study, we have attempted to decipher the transcriptome of ash phloem in the hope to unravel candidate resistance genes to A. planipennis (Bai et al. 2011) . This study has laid the foundation for several gene expression/functional genomics studies, for which there is an urgent need to identify/ validate reference genes to be included in RTq-PCR experiments. In this study, we evaluated the stability of ten reference genes among different samples (tissues and development stages) of Fraxinus species including green, white and Manchurian.
Materials and Methods
Mature leaves and phloem plugs of 5 mm in diameter were collected from un-infested cultivars of green, white, and Manchurian ash in June 2010 from a common garden at the Ohio Agricultural and Research Development Center (OARDC, Wooster, OH). Two young (~5 years) and two old (~15 years) trees were sampled per species. In June 2011, samples from shoots, roots, immature and mature leaves were obtained from 4-year-old potted seedlings of the same three species at the US Forest Service (Delaware, OH) following the same protocol as the previous year. In addition to these samples, phloem plugs were also collected from girdled ash trees. Samples were obtained from above and below the girdled region from three trees per species. The post-girdled samples were obtained 21 days after girdling from a common garden at Novi, MI. Girdling was performed by peeling a 5-cm band of the bark as per Baldwin (1934) . All samples were immediately placed in liquid nitrogen and kept at −80°C until further processing. Approximately 70 mg of tissue was ground to powder in liquid nitrogen for RNA extraction. Total RNA was extracted using Trizol® Reagent (Invitrogen, Carlsberg, CA) following the manufacturer's protocol. After RNA extraction, samples were treated with TURBO DNase™ (Ambion, Inc., Austin, TX) following manufacturer's protocol, in order to eliminate genomic DNA contamination and were stored at −80°C until further use.
The sequences of the potential reference genes including a cyclophilin (Cyp), elongation factor 1-beta (eEF1β), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), glucose-6-phosphate dehydrogenase (G6PD), histone H3 (HIS), ribosomal protein L13 (RPL13), RNA polymerase II (RNAPII), translation elongation factor alpha (eEF1α), beta-tubulin (TUB), and ubiquitin protein ligase (E3upl) were mined from an ongoing phloem transcriptomic study of ash (Bai et al. 2011) . All the sequences pertaining to the current study are available at the NCBI Sequence Read Archive under the accession number of SRA020745.3.
One microgram of RNA from each sample was used for cDNA synthesis using the SuperScript™ First-Strand synthesis kit (Invitrogen) following the manufacturer's protocol. Ten pairs of gene specific primers were designed using Beacon Designer 7 software. RTq-PCR reactions were carried out in a total volume of 10 μl containing 5 μl of 2× SybrGreen (Bio-Rad, Hercules, CA), 0.5 μl of each primer (10 μM) and 2 μl of cDNA template (40 ng/μl) and 2 μl of nuclease free water. All reactions were performed in duplicate. The cycling parameters were 95°C for 5 min followed by 40 cycles of 95°C for 10 s and 60°C for 30 s ending with a melting curve analysis (65°C to 95°C in increments of 0.5°C every 5 s) to check for nonspecific product amplification. Primer efficiencies were calculated using a standard curve that consisted of 5-fold dilutions over four points. Each point was measured in triplicate. Three standard curves were done per primer set. The primer efficiency (10 −1/slope ) and R 2 presented in Table S1 are an average of these three curves. Two software programs, GeNorm (Vandesompele et al. 2002) and NormFinder (Andersen et al. 2004) were used for the selection of stable constitutively expressed reference genes. Cycles to threshold (C t ) values were converted according to the requirements of the software used.
Results and Discussion
Since ash phloem is the target tissue of A. planipennis larvae, and the adult beetle feeds on leaf tissue, we included both phloem and leaf tissue (of different ash species) from two developmental stages. Additionally, we included phloem samples from girdled trees, immature and mature leaves, shoots and roots with the goal of identifying reference genes with stable expression levels both within and across the species. Initial analysis of the ten reference genes indicated a high rate of variation; GAPDH, RNAPII, HIS and TUB were found to be the most unstable and hence, were removed from further analysis. The C t values for the remaining six genes ranged between 17 and 33 (highest C t value obtained for eEF1α and lowest for RPL13), the average of the C t values is represented in Fig. 1 .
GeNorm Analysis
The stability of the reference genes was calculated using GeNorm, a visual basic application (VBA) for Excel. GeNorm determines the pairwise variation of all control genes as the standard deviation of the logarithmically transformed expression ratios. It measures a gene expression stability value (M), which is the average pairwise variation of a gene compared to the other control genes included in the same analysis. Genes with the lowest M value are considered to be the most stable (Vandesompele et al. 2002) . GeNorm suggests M=1.5 as a cutoff value, meaning that genes with M values higher than 1.5 should not be used as reference genes.
The value of M for the six reference genes showed eEF1α as a potential reference gene across all the samples assayed with E3upl and RPL13 as the least stable genes (Table 1) . When all the species were considered as a pool, the most stable genes were eEF1α, eEF1β and G6PD with M values of 1.038, 1.102, and 1.222, respectively. When each species was considered as a separate subgroup, eEF1α was the most stable for all ash species. In order to discard the possibility of eEF1α and eEF1β being coregulated, an exclusion analysis was performed wherein each gene was excluded in separate analyses. The ranking of the genes was still the same with very similar M values, indicating no co-regulation between eEF1α and eEF1β (data not shown). NormFinder is also an Excel add-in that uses a mathematical model which performs separate analysis of sample subgroups, estimates intra-and interexpression variation and calculates a stability value (Andersen et al. 2004) . Genes with a lower stability value are considered to be more stable, i.e., there is a lower variation of gene expression across the samples. NormFinder indicated eEF1α as the most stable gene for all the samples with a stability value of 0.028. When analyses were done per species, eEF1α was the most stable gene for Manchurian ash (0.029) while eEF1β and RPL13 were the most stable genes for green (0.020) and white ash (0.028), respectively. eEF1α ranked the second most stable gene for both the latter species (Table 1) . The reference gene Cyp displayed the highest stability value (least stable) in the overall analysis. Despite the separate analysis, we noticed some similarities such as: (1) eEF1α was consistently among the top three genes both with and without subgroups, and (2) Cyp was consistently among the lowest three genes in all the analyses performed. This trend in the stability values obtained for eEF1α and Cyp is in agreement with other studies in plants albeit within a species (Tong et al. 2009 ). Analysis of potential reference genes for the three species indicated a high variability. RTq-PCR is often used to analyze the relative expression of a gene under different conditions in the same species. However, ongoing functional studies include analysis of gene expression in different Fraxinus spp., thus increasing the need to find good and reliable reference genes across species. It was possible to observe that irrespective of the samples pertaining to different Fraxinus spp., eEF1α was observed to be highly consistent. We thus recommend eEF1α as a candidate reference gene for gene expression studies in ash. To our knowledge this is the first report on validating reference genes across different tree species.
